Abstract The gas puffing performance plays a key role in repeatable discharges in the SinoUNIted Spherical Tokamak (SUNIST) experiments. In this paper, temporal evolution of the gas pressure in the vacuum vessel and the dependence of the repeatability of plasma discharges on different timing arrangements between the gas puffing pulse and the Ohmic field have been experimentally investigated. The results show that, after a fast rising phase, the gas pressure becomes quasi-stationary. In the regime of the discharges being started up when the gas pressure has already reached the quasi-stationary state for about 37 ms, an improved repeatability of the plasma discharges is achieved.
Introduction
In tokamak experiments, the steady and repeatable plasma operation and control is a basic requirement. The behaviour of working gas has been regarded as an important factor, which influences the discharges, in small tokamaks [1−3] because of the relatively short plasma duration. SUNIST is a small spherical tokamak in China [4] , with major radius R 0 = 0.30 m, minor radius a = 0.23 m and plasma current I p ∼ 50 kA. The gas pressure in operation ranges from 2 × 10 −3 Pa to 1 × 10 −2 Pa. SUNIST had been operated in the regime in which the Ohmic field was triggered at the moment 5 ms after the end of the gas puffing pulse, but the repeatability of plasma currents was not always satisfied. Our experiments have shown that the control of gas puffing is of great importance for the plasma discharge [5, 6] . A time delay of the startup of the Ohmic field to the end of the gas puffing pulse has evidently influenced the quality of the plasma discharge. Therefore, making an investigation on this issue is necessary for SUNIST device.
In this work, the gas pressure signal p gas has been measured as an indicator of the temporal and spatial behaviour of the injected working gas. The dependence of the repeatability of plasma currents on the gas puffing timing has been studied. In order to give a possible explanation of the improvement of the plasma discharge repeatability, a simulation on the spatial distribution of the gas pressure has been made. This paper is organized as follows. The instrumentation is introduced in section 2. Section 3 gives descriptions on the p gas signals and the results of the repeatability of the plasmas for different gas puffing arrangements. The discussions on the possible causes that are influencing the repeatability of the discharges are also presented in this section. Finally, a summary is given in section 4.
Instrumentation
The instruments of the vacuum system of SUNIST include: the vacuum vessel and related parts, the gas pressure signal acquisition circuits and the piezoelectric valve controllers. Fig. 1 shows the setup diagram of the instruments.
Vacuum vessel and related parts
The top view of SUNIST vacuum vessel is shown in Fig. 2 . A turbopump serves as the main pumping pump. A ZJ-27 [7] hot cathode ion gauge is installed in the middle of the main pumping duct. A PEV-1 [8] piezoelectric value is installed on the top gas puffing port through a L = 300 mm pipe. The angle between the main pumping port and the top gas puffing port in the equatorial plane in toroidal direction is 120 degree. A sputter ion pump is used for maintaining the background gas pressure when the turbopump is turned off. 
Gas pressure signal acquisition circuits
The three purposes of the gauge controller in the gas pressure signal acquisition circuits are: a. serving as the power supply of the ion gauge, b. processing the ion gauge signal into the gas pressure signal p gas and updating the p gas reads through a digital display in a frequency of 1 Hz, and c. outputting the fast analog p gas signal. A passive twin-T notch filter is installed for elimination of the power line noise in the p gas signal. The ground potential of the gas pressure measuring instruments is altered together with that of the vacuum vessel during discharges. So an isolation amplifier is used to isolate the vacuum system from the data acquisition system. In addition, the isolation amplifier eliminates the common mode noise on the p gas signal lines. Furthermore, the other function of the isolation amplifier is to drive the signal lines between the isolation amplifier and the data acquisition system.
Piezoelectric valve controllers
Two piezoelectric valve controllers are utilized: the main controller and the pulsed controller. The main controller can be operated in local control and remote control mode. For the local control mode, the gas puffing can be controlled both manually and automatically. Manual control is used only for the testing case. The automatic control is realized trough feedback control by the gauge controller to keep the gas pressure in an preset range. The automatic control is only used for glow discharge cleaning of the vacuum vessel. For the remote control mode, the gas puffing pulse is triggered by the tokamak and plasma control system (PCS). The timing and length of the pulse can be adjusted in an accuracy of 0.01 ms. The main controller is powered by an AC adapter, which has a ripple voltage. This ripple voltage may be not important for rough gas puffing control in glow discharges but is unacceptable for precise gas puffing in Ohmic plasma discharges. Therefore, the pulsed controller is designed and installed. The pulsed controller is powered by dry batteries in series. Then the ripple noise of the pulsed controller output can be neglected. With the noise-free piezoelectric valve control voltage, the gas is injected into the vacuum vessel with the same and steady flow rate. Finally, the amounts of the injected gas are guaranteed to be constant. The pulsed controller is operated directly by the PCS.
Experimental results and discussions
In this section, the gas pressure signal p gas is analyzed to investigate the temporal and spatial behaviour of the puffed working gas. Based on the analysis of the p gas signal, a new timing arrangement of the gas puffing pulse is proposed. The repeatability of the plasma currents is compared with that in conditions of the old gas puffing timing. A discussion on the possible causes that influence the repeatability of the discharges is given at last.
Gas pressure signals
Before the analysis, the reliability of the p gas signal should be checked. The ion gauge is exposed to complex magnetic fields. Generally, the measured p gas signal might be influenced. Fig. 3(b) shows the differences between the p gas signals with only one magnetic field being triggered and that with no magnetic field. When B 0 has been triggered, the p B0 gas signal falls for about 0.2 × 10 −3 Pa (4%). This may be because an amount of the working gas is ionized by the B 0 field. Fortunately, it is shown that the B t and B v fields have no influence on the p gas signal. When the plasma is initiated, the gas molecules are ionized in the whole volume of the vacuum vessel and the ions are confined in the magnetic field. The turbopump keeps evacuating the vessel volume as in the case without plasma. This condition is equivalent to the case where the total volume of the vacuum vessel becomes much smaller than the real one. Therefore, the gas pressure slops steeply down at the moment when the plasma forms. The p gas traces with no magnetic field p noB gas and with plasma discharge p Ip gas are shown in Fig. 3(a) . It takes about 22 ms for the p Ip gas signal to begin to drop. This delay consists of two processes. The first one is the time needed when the gas flows through the pumping duct from the vacuum vessel to the ion gauge location. The second delay is from the phase shift of the p gas signal induced by the twin-T notch filter. Hence, a 22 ms delay in the p gas signal to the gas pressure in the vacuum vessel shall be corrected.
The gas pressure evolution can be divided into four stages ( Fig. 3(a) ). The first one is called the puffing stage because this stage is accompanied by the gas puffing process. The p gas signal is in a fast rising state in the puffing stage. In the second stage, which is named as the buffering stage, it takes 70 ms for the p gas signal to reach its maximum after the gas injection has ended. Therefore, the second stage lasts for about 48 ms with the 22 ms delay in the p gas signal taken into account.
As mentioned in section 2.1, there is a 300 mm long pipe between the vacuum vessel and the pizoelectric valve. The pipe is acting like a buffer. It takes time for the gas in the pipe to balance with that in the vacuum vessel. According to the p gas signal, there is a 61 ms quasi-stationary flat top (the flat top stage) following the maximum of the p gas signal. After the flat top stage, the gas pressure goes into the falling stage. In the fourth stage, the gas pressure falls exponentially according to Eq. (1) in Ref. [9] .
Dependence of the repeatability of the discharges on the gas puffing timing
In previous operations of SUNIST, the gas puffing pulse was set to end at the moment 5 ms ahead of the triggering of the Ohmic field (gas normal). However, the p gas signals show that in this operation mode, the gas pressure is still rising rapidly (in the buffering stage) at the time of plasma initiation. It still needs 43 ms for the p gas signal to reach the quasi-stationary flat top. So we can move the gas puffing pulse 80 ms ahead (gas ahead), the p gas signal will have already reached the quasi-stationary flat top for 37 ms when the plasma current begins. The p gas signals before and after the gas puffing timing rearrangement are shown in Fig. 4 . Fig.4 The pgas signals before and after the gas puffing timing rearrangement. The pgas signals with (p Ip gas) and without (p noIp gas ) plasma discharge are shown. The gas pressure stages of gas normal and gas ahead are also illustrated.
Here we use the standard deviation of the plasma currents as the indicator of the repeatability of the discharges. The standard deviation of the plasma currents at time t is calculated as:
where n is the number of shots in the gas normal or gas ahead timing operation and I p (t) = i I i p (t) /n. The standard deviations of the plasma currents s Ip in the gas normal and gas ahead timing are shown in Fig. 5(c) . The discharge can be separated into three phases: the ramping up phase, the flat top phase and the falling phase. The repeatability of plasma currents has been improved in the ramping up and flat top phases by moving the gas puffing pulse 80 ms ahead. During the I p ramping up phase, there are two peaks in the s Ip data, which means that the discharges have weak repeatability at the beginning and the end of the ramping up phase. After the discharge has entered into the quasi-stationary gas flat top, the repeatability of the I p traces is improved in the ramping up phase. The first peak in the s Ip data still remains. The second peak of s Ip is eliminated. When the plasma currents begin to drop, the two s Ip traces become the same and begin to rise up, which means that moving the gas puffing pulse ahead does not improve the plasma current repeatability. This might be caused by the fact that the Ohmic field begins to lose heating ability in the falling phase. Fig.5 The plasma current signals of 20 shots in succession: (a) the operation of the original gas puffing timing (gas normal); (b) the operation of the 80 ms ahead gas puffing timing (gas ahead). The standard deviations of (c) the plasma currents, (d) the electron densities ne measured by Langmuir probes and (e) the flux loops VFL in the gas normal (dashed lines) and gas ahead (solid lines) operations
Discussions
It has been recognized that many factors, such as the electric field [1, 2] , the behaviour of impurities [3] and the magnetic fields [5] etc., can influence the plasma discharges in plasma operation and control of tokamaks [10, 11] . In the SUNIST operations, all the controllable parameters are optimized to get successive discharges. The repeatability of the plasma currents shows evident dependence on the timing arrangement between the gas puffing pulse and the startup of the Ohmic field. Several of the gas pressure performances are possibly responsible for this phenomena.
Firstly, The uniformity of the gas pressure spatial distribution plays a key role in the repeatability of the discharges. We have simulated the spatial distribution of the gas pressure with Molflow+ [12, 13] software. The simulated average gas pressure at the main pumping port and the gas pressure distribution in the equatorial plane are shown in Fig. 6 . As a test of the simulation, the calculated average gas pressure is consistent with the acquired p gas signal when the gas pressure is rising (Fig. 6(a) ). The simulated gas pressure falls exponentially when the gas puffing pulsed has ended. However, a quasi-stationary flat top exists in the acquired p gas signal. We conclude that the 300 mm long pipe between the vacuum vessel and the piezoelectric valve (as described in section 3.1) contributes to the difference.
The simulation shows that when the gas pressure is rising, its spatial distribution has an non-uniform profile in the gross toroidal direction (Fig. 6(b) ). At the time when the gas puffing pulse has ended, the toroidal non-uniformity of the gas pressure distribution disappears ( Fig. 6(c) ). However, the small scale local nonuniformity of the gas pressure still exists. As a longer time passes, the gas pressure distribution becomes uniform ( Fig. 6(d) ). Based on the simulation, the evolution of the gas pressure distribution is correlated with the p gas signal. Therefore, in the gas normal timing operation, the gas pressure has a dynamic non-uniform distribution profile during the discharge process.
In addition, during the plasma discharge, different gas pressures may also be important to the repeatability of the discharges. As shown in Fig. 4 , at the beginning of their flat top stage, the p no Ip gas signals have the value of 5.3 × 10 −3 Pa both for the gas normal and gas ahead timing. Therefore, the amounts of puffed gas are the same. However, at the time when the plasma initiates, the gas pressure in the gas normal timing is still rising steeply, which means that it is difficult to be controlled, and has the value of about 4×10 −3 Pa. While in the gas ahead timing case, the gas pressure is quite flat and has the value of about 5.5×10 −3 Pa. The standard deviations of the electron densities n e measured by Langmuir probes and the relative standard deviations of the flux loops V FL are shown in Fig. 5(d) and (e) respectively. In the operation before the rearrangement of the gas puffing timing, the fast changing gas pressure leads to randomness of the plasma ionization. It will lead to a poor repeatability of n e as shown in Fig. 5(d) . In the mean time, the non-uniform distribution of the gas pressure leads to non-uniform distribution of n e . As the plasma rotates, a periodic fluctuation behavior of the standard deviation of n e will be caused. It is shown in Fig. 5(d) that, after the gas puffing timing has been rearranged, the repeatability of n e is improved, and the fluctuation of the standard deviation of n e is also reduced. In the flat top phase, the standard deviation of n e is reduced from
, and its fluctuation is eliminated. In the gas normal operation, the poor repeatability of n e leads to poor repeatability of the plasma resistivity. Therefore, a poor repeatability of the ratio between the loop voltage of plasma resistivity and that of the plasma inductance exists when all the controllable parameters are the same in operation. As shown in Fig. 5(e) , the relative standard deviation of V FL is reduced from ∼ 3.5% to ∼1.5% after the gas puffing timing has been rearranged. Fig.6 The simulated average gas pressure at the gas pumping port (Fig. 6(a) ) and the gas pressure meshes in the equatorial plane. Fig. 6(b) , (c) and (d) are mesh plots corresponding to the time points of (1), (2) and (3) in Fig. 6(a)  respectively To conclude, the gas puffing performance, such as the value and the distribution of the gas pressure, has evident influence on the repeatability of the discharges. By carefully designing of the instruments and adjusting of the gas puffing timing, we can minimize the influence of these factors in discharge operations. Then the repeatability of the discharges can be improved.
Summary
Based on the analysis of the gas pressure signal, the gas puffing performance of SUNIST spherical tokamak was examined. The analysis shows that the gas pressure and the volume density of the gas molecules were in a fast changing state during the plasma discharges in the early experiments. We had rearranged the gas puffing timing by moving the gas puffing pulse 80 ms ahead of schedule. Under this circumstance, the plasma discharges had a quasi-stationary flat top in the gas pressure. The repeatability of the plasma current waveforms had been improved by the new arrangement of gas puffing timing, especially for the ramping up and the flat top phases. This work suggests that the gas puffing performance, such as the value and the uniformity of the spatial distribution of the gas pressure, can influence the repeatability of the discharges, especially for small tokamaks with short duration plasmas. With carefully designed instrumentations and gas puffing timing arrangements, the repeatability of plasmas can be improved.
